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INTRODUCTION
This report describes work completed or in progress during the second year of the
three year grant NAGW-3075, A Theoretical Analysis of Thermal Radiation Form Neutron
Stars, to Principal Investigator James H. Applegate. The bulk of the grant funds go to the
partial support of a postdoc, Dr. Dany Page. The work described below is a substantial
portion of Dr. Page's research activities fro the past year. This work was carried out under
the supervision of Dr. Applegate.
WORK COMPLETED
The unambiguous detection of thermal radiation from the surface of a cooling neutron
star was one of the most anxiously awaited results in neutron star physics. This particular
Holy Grail was found by Halpern & Holt (1992), who used ROSAT to detect pulsed X-rays
from the -),-ray source Geminga and demonstrate that it was a neutron star, probably a
radio pulsar beamed away from us. Two other pulsars, PSR 0656+14 (Finley, Ogelman,
L: Kizilo_lu 1992) and PSR 1055-52 (Ogelman & Finley 1993), have also been detected
in thermal X-rays by ROSAT. These results caused us to turn our attention away from
developing ever more sophisticated cooling codes to applying our models to understand
the new data.
At an age of ,-_ 3.4 × 10Syears, Geminga is in the photon cooling era. We have shown
that its surface temperature of 5.2 x 105K can be explained within the contexts of both
the slow (modified Urca only in the interior) and fast (direct Urca, pions, kaons, etc)
cooling scenarios; Geminga is too old to distinguish between these possibilities. However,
agreement between the predictions and observations in either scenario is only possible if
baryons are paired (BCS pairing, as in superconductors) within most, if not all, of the
interior of the star. In the slow cooling scenario, the surface temperature is too high
unless the specific heat of the interior is reduced by extensive baryon pairing. In the fast
\
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cooling scenario, the surface temperature will be much too low unless the fast neutrino
cooling is shut off by baryon pairing (see Page & Applegate 1992). In this case the pairing
must extend throughout the entire interior, and involve every particle species that can
participate in fast cooling. These results are the strongest case to date for the necessity
of baryon pairing in the interior of a neutron star; neutron pairing in the inner crust is an
essential ingredient in the vortex line depinning theory of pulsar glitches, but this theory
makes no statements about the baryons in the interior of the star.
We also comment on the surface temperature determinations for the pulsars PSR
0656+14 and PSR 1055-52, both of which are also in the photon cooling era. If the fast
cooling scenario is correct, these stars also require baryon pairing throughout their cores.
However, the observational uncertainties are larger for these pulsars than for Geminga,
and a very conservative interpretation of the data using slow cooling and no pairing is
allowed.
This work has been written up and is accepted for publication in The Astrophyscial
Journal (Page 1994). Preliminary versions have already appeared (Page 1993a,b).
WORK IN PROGRESS
All of our neutron star cooling models to date have used the unmagnetized effec-
tive temperature-interior temperature relation for the outer boundary condition. We are
improving the models by using published magnetic envelope calculations and assumed ge-
ometried for the surface magnetic field to determine local interior temperature-emitted
flux relations for the surface of the star. The magnetic field makes the electron contribu-
tion to the thermal conductivity (the most important factor in determining the interior
temperature-emitted flux relation) highly anisotropic; heat flows much more easily along
the field lines than across them. As a result, regions of the surface where the magnetic
field is nearly normal to the surface will be hotter than average and regions where the field
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is nearly tangential will be colder than average. Our procedure will allow us to include the
effect of these temperature variations in our light curves.
The four neutron stars for which there is good evidence that ROSAT has detected
thermal emission from the surface (Vela, Geminga, 1055-52, and 0656+14) all have pulse
fractions between 10% and 20% in the 0.08-0.50 keV band, which is the energy band
most sensitive to thermal emission. From the work done so far, we conclude that there
must be large temperature differences on the surface to account for these pulse fractions.
These pulse fractions may provide interesting information about the configuration of the
surface magnetic field of the neutron star. For example, models with a simple dipole field
cannot produce pulse fractions as large as observed if the variation in surface temperature
is entirely due to anisotropic thermal conduction.
We have used blackbody emission at the local surface temperature for the emergent
spectrum in our calculations. We hope to drop this approximation in favor of spectra of
magnetic atmospheres in the future, although this undertaking may be beyond the scope
of the current three year project due to its complexity.
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SURFACE TEMPERATURE OF A MAGNETIZED NEUTRON STAR:
LIGHT CURVES AND SPECTRA FOR GEMINGA
Dany Page
Department of Astronomy, Columbia University
Instituto de Astronomla, Universidad Nacional AutSnoma de Mdzico
1. INTRODUCTION
The high quality ROSAT data from the nearby neutron stars Vela, PSR 0646+14,
Geminga and PSR 1055-52 present a new chalenge for theorists to provide good
models for their interpretation. The published preliminary analyses of these data have
shown that a large part of the soft X-ray received by ROSAT most probably come
from the neutron star surface (in the case of Vela the contribution of the surrounding
synchroton nebula has to be first separated).
The strong magnetic field present at the neutron star surface affects the charac-
teristics of the emitted radiation, significantly changing the spectrum as discussed
by Pavlov and Shibanov in this workshop. Some of the resulting magnetized spectra
have been used in data analyses and have led to substantially different conclusions
about the neutron star surface temperature when compared with analyses using sim-
ple black body spectra. All these works have so far assumed a uniform temperature
distribution on the neutron star surface, with the exception of the inclusion of the
contribution of the hot polar caps. However, another important effect of the magnetic
field is to introduce a strong anisotropy of the heat transport in the outermost layers
below the photosphere, resulting in a non-uniform surface temperature distribution.
We present here some preliminary results of our modelling of this non-uniform
surface temperature distribution. Beside generating composite spectra (from the
temperature distribution) and phase dependent spectra (from the star's rotation)
we also naturally have the capability to produce light curves, thus adding a new
dimension to the interpretation of the data. The prospect of this approach is not
only to obtain more reliable measurements of neutron star surface temperatures, but
also to learn about the configuration of the surface magnetic field. Our results so far
use local black body emission; we hope to use more realistic spectra in the future.

2. SURFACETEMPERATURE
All neutron stars of interest have an isothermal interior surroundedby an en-
velopewherea strong temperaturegradient is present. IsothermMity is reachedat
densitieslower than 101°gm/cm3, correspondingto a depth of at most 100meters.
Gundmundssonet al. (1983) have shown that the relationship between the interior
temerature T; and the uniform surface temperature 7', in absence of a magnetic field
is
Ts,6 T 1/2"_ Cs (i)
(T,, = T/IOnK). This relation is mostly determined by the electron conductivity at
densities ranging from -,_ 104 to lOSgm/cm 3 depending on the surface temperature.
In presence of a strong magnetic field H the electrons are still free to move paraJlelly
to H but their motion in the perpendicular directions is strongly inhibited. Detailed
calculations have shown that the electron thermal conductivity is slightly increased
along the field and strongly suppressed perpendicularly to the field. Compared to
the zero field result, for a given internal temperature, the surface temperature will be
slightly higher in regions where the field is almost radial but much lower in regions
where the field is tangent to the surface.
Due to the thinness of the layer where the magnetic effects are important the heat
transport is still a one dimensional problem, at least in a first approximation. For
a given surface magnetic field configuration H(8, ¢) the surface temperature T_(0, ¢)
depends only on the angle @ between the normal n and H as well as the internal
uniform temperature T_
T,(O,C)= T,(O,T,) (2)
For parallel transport, O = 0, we use the results of Hernquist (1985) and for orthog-
onal transport, O = 90 °, we use Scha_f (1990a). For an arbitrary O Schaaf (1990b)
has presented a two dimensional calculation and written his results in the form
T,(e) x T,(e = o) (3)
where
= + - cos(O)°.
Thus _(O = 0) = 1 and _0 = T_(O = 90°)/T_(® = 0) _< 1.
itself a weak function of H and Ti.
(4)
The exponent a _ 1 is

3. GENERATING SPECTRA AND LIGHT CURVES
Th procedureweuseis asfollows:
• Choosethe star's massM and radius R.
Choose a surface magnetic field configuration H(0, ¢). So far we have only
considered dipolar fields but more general configurations can easily be incorpo-
rated.
• Choose the internal temperature Ti. With this we generate the surface temper-
ature distribution Ts(O, ¢) as described in Section 2 (see Figure 1).
• Choose the observer's position, i.e. the angle a between the rotation axis and
the observer direction.
Rotate the star. We take 60 positions and at each position take a snap-shot
of the star: we integrate the emitted flux over the visible part of the surface,
taking into account gravitational lensing. This produces 60 phase dependent
spectra which are then red-shifted.
Choose the star's distance D and the column density NH for interstellar ab-
sorption to obtain the phase dependent spectra as received at the entrance of
the ROSAT telescope.
• The spectra are passed through the PSPC resolution matrix to obtain the time
(= phase) dependent predicted count rates.
At each point of the star's surface we use black body emission at the corre-
sponding temperature. Our spectra are thus composite black body spectra. We hope
to consider more realistic magnetic spectra in the future.

J4. PRELIMINARY RESULTS FOR GEMINGA
We borrow the basic characteristics of our analysis from the study of Halpern &
Ruderman (1993, referred to as HR bellow), who considered both X-ray data from
ROSAT and "t-ray data from GRO. The results we are presenting here have to be
considered as illustrative: the number of degrees of freedom in our model is so large
that we have not yet been able to do a comprehensive study. Moreover our method
still uses local black body spectra.
Beside the surface temperature distribution we also include two polar caps of
adjustable size and temperature, located at the points where the magnetic dipole
axis crosses the star's surface. Within the restricted parameter search we have done,
the configuration which gave the best fit to the published Geminga data (HR) is the
following (see figures):
• M = 1.4M® and R = 12 km (giving R °° = 14.8 km). No search was done
on these two parameters, we just use typical values. The red-shift factor is
e t = 0.8 and the maximum lensing angle O_a, = 120.7 ° (instead of 900 in flat
space-time).
• Off-center surface magnetic dipole field, in the equatorial plane (from HR: casi
orthogonality of the dipole with the rotation axis is required by the "t-ray data
within the outer-gap model; off-centering is needed to obtain a single peak in
the upper energy X-ray light-curve).
The center of the dipole is 2.4 km away from the star's center and at an angle of
60 ° with the radius (from fitting of the lower energy X-ray light-curve: distance
from the center is restricted by the amplitude of light-curve, orientation with
respect to the radius is used to reproduce the slight skewness of the light-curve)
• Internal temperature Ti = 4 x 107K (from fitting of the lower energy spectrum),
giving en effective temperature at infinity T_! = 4.47 x lOSK and an average
temperature (at infinity) Ta_ , - 4.18 x lOSK. The maximum and minimum
surface temperatures are respectively T_a, = 5.36 x lOSK and T_,, = 1.20 x
10SK.
• Two polar caps of diameter 0.44 degree and temperature Tc_ p = 3.2 × 106K
(HR: from fitting of the upper energy component of the spectrum).
• Distance D = 120 pc and column density NH = 3.8 x 1020 cm -2 (from fitting
of the lower energy spectrum).
As can be seen from the figures 2 and 3 the fit of the lower energy light-curve is
quite good as well as the fit to the spectrum.
4
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5. COMMENTS
From the figures and experiences from the other trials we have done we can make
the following comments:
o The light curves are quite smooth (of course), and gravitational lensing can
only make them smoother. The sharp dips that seem to be present particu-
larly in the lower energy curve could be evidence for some magnetospheric
absorption.
. HR argued that the relative flatness of the medium energy light curve could
come from a compensation between the lower and upper energy curves which
are about 105 ° out of phase. If the upper energy curve is interpreted as thermal
emission from the two hot polar caps then the contribution of these caps to
the medium energy curve is totally negligeable: the flatness of this light curve
must be explained by another mechanim. Anisotropic emission due to the
magnetic field effects could be such a mechanims.
.
.
With all surface dipolar magnetic field configurations we have tried it was im-
possible to obtain a shift between the maxima of the lower energy light curve
(due to emission from the main surface) and the upper energy light curve (due
to polar cap emission): this could be an argument against a dipolar surface
field (in case anybody needs such an argument).
The PSPC resolution matrix we use is a more recent version than the one used
by HR. It seems that the spectral fits need lower temperatures than in HR and
also larger column densities. The value of NH = 3.8 x 102° cm -2 used in the
figures is much too large for a distance of 120 pc. If this is confirmed, it would
be a strong argument for the inadequacy of the black body emission. A H
or He atmosphere spectrum with low interstellar absorption should give results
similar to a black body spectrum with strong interstellar absorption (but with
a different temperature and star's distance).
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FIGURE 1. Temperature distribution on the star_s surface, area preserv-
ing projection. The values indicated along the isocurves are local tem-
peratures, non red-shifted. The surface magnetic field is dipolar, in the
equatorial plane, 20% off center and it makes an angle of 600 with the ra-
dius. One hemisphere is warmer than the other, producing the skewness
of the light curve in Fiz. 3.
FIGURE 2. Observed and theoretical spectra, in the ROSAT PSPC de-
tector. The data are from Halpern &: Ruderman (1993). The surface
temperature distribution is shown in Fig. 1 and the observer is in the
equatorial plane, at a distance of 120 pc (NH = 3.8 × 1020 cm-2). The up-
per energy component (E > 0.5 keV) comes from the two hot polar caps
(Tcap = 4 x 10 6 K). The separate contributions from the main surface and
the polar caps are shown as dashed lines. These results are similar to
the results of Halpern &: Ruderman (1993). The dash-dot line is a black
body at the effective temperature Teff = 5.6 x 105 K and the dash-triple
dot curve is a black body at the average temperature Tare = 5.23 x 105 K
(non red-shifted values).
FIGURE 3. Observed and theoretical light curves, in the ROSAT PSPC
detector. The data are from Halpern & Ruderman (1993). The contin-
uous curves are the total emission, main surface -{- polar caps, while the
dotted curves show the contribution from the main surface only. Notice
that in the middle energy range the contribution from the polar caps is
negligeable. In the upper energy band the contributions from each polar
cap are shown as dash-dot and dash-tripple dot curves.
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